The understanding of gas sorption mechanism is essential to characterize the original gas-in-place for shale gas reservoirs. In this study, experimental data of five shale samples have been used to estimate the shale gas-in-place with new sights. Langmuir model is commonly used to measure the amount of adsorbed gas but this model does not include the amount of absorbed gas and its behavior. However, such gas usually contributes about 22% in respect to total gas storage even though its input remains undefined. Sorption model used in this study includes adsorbed and absorbed gas. Good results are obtained from sorption model as compared to Langmuir model. Variable range of total gas storage is observed using different approaches in all shale samples. Initially at low pressure, total gas storage is observed to be higher because of gas absorption contribution in new proposed approach when compared to approach-2. When pressure increases, total gas storage is altered in keeping with characteristics of adsorption and absorption of gas. Adsorbed and sorbed porosity is estimated at two different approaches and where total gas storages capacity is affected due to adsorbed or sorbed porosity. Further, the contribution of absorbed gas amount is found at about 19-22% in respect to total gas storage in all shale samples and that is in same range as mentioned in literature. The sorption model and new proposed approach includes adsorption and absorption of gases and provides new insights to understand the gas storage mechanisms and estimation of shale gas-in-place.
Introduction
Shale gas reservoirs are unconventional reservoirs and are characterized by complex pore structure, low porosity, extremely low permeability, non-darcy flow etc [1, 2] and problems are consequently associated to assess the complexity of shale and predict the shale productivity [3, 4] . For shale gas reservoirs, the current volumetric methodologies are constructed on the basis of two volumes namely free and adsorbed gas volume. However, three forms of gas are present [5] [6] [7] in such reservoir e.g. (a) free gas which is stored in organic pore space and in natural fractures [8, 9] and this can be determined by amendments of standard reservoir evaluation approaches, (b) adsorbed gas which is stored in organic matter i.e. kerogen and inorganic matrix i.e. clay mineral [8, 9] and this can be measured from the isotherm gas sorption measurements [10] and (c) absorbed gas which is also stored in kerogen and associated with adsorbed gas. The adsorbed and absorbed gas contributes in term of total gas storage about 20-80% [11] and 22% [12] , respectively. The absorbed gas remains associated with adsorbed gas but previous studies underestimated such gas in predicting the gas sorption and production behavior [13] [14] [15] [16] ; However, it is broadly recognized as gas dissolved into organic matter but has not yet attracted enough attention [17, 18] .
Material balance is a common and excellent technique that is widely used in petroleum industry for estimation of original oil/gas in place in case when adequate field information is accessible. Nevertheless, in case adequate field information is not accessible; the volumetric methods can be practical. Generally, this method permits petroleum industry to measure the shale gas-in-place (GIP) with respect to the total gas by using key shale reservoir parameters that can be obtained through reservoir evaluation techniques such as well logging, coring, samples and well testing etc. [5] . The understanding of shale complexity and accurate measurement of shale GIP is still a big question for petroleum industries and researchers beside the availability of advanced techniques and methods. Hence, keeping view on this question, sorption model (includes adsorbed and absorbed gas) has been proposed in this study to understand the gas storage mechanisms and estimate the shale GIP with new sights.
The following steps were followed to conduct this study: first, collected experimental data of five shale samples from literature [19] . Second, developed the sorption model by combining the adsorbed and absorbed gas equations. Third, measured the fitting parameters of models through fitting techniques and then compared the results of sorption model with Langmuir model. Fourth, measured the adsorbed and absorbed gas porosity based on sorption model. Then, added adsorbed and absorbed gas porosity to measure the gas sorbed porosity. Fifth, measured the gas storage capacity at different approaches (i.e. two previous approaches and new proposed approach) and compared their results. At the end, investigated the effect of adsorbed and sorbed gas porosity on shale GIP by using different approaches and also measured the contribution of free, adsorbed and absorbed gases based on presented approaches.
Description of samples
Gas adsorption, bulk density, porosity and total organic carbon (TOC) data of five shale samples were taken from literature [19] to accomplish this study. The characteristics of five shale samples are shown in tab. 1. 
Models description and fitting parameters

Adsorption and Absorption model
Langmuir model is the most common model and has widely been used to measure the absolute adsorption of gas [20] :
where nads,ab is the absolute adsorption capacity [mmolg/g], nL is the langmuir volume [mmol/g], P and PL is the equilibrium and Langmuir pressure [MPa]. Henry's law can be used to describe the absorbed gas in following form [21] :
where nabs,ab is the molar number of absolute absorbed gas [mmol/g] and K is the Henry's law constant [mmol/(MPa g TOC)].
Sorption model
Combination of adsorption and absorption gas is known as sorbed gas. When combine above Eq. (1) and Eq. (2), we can get Eq. (3) which shows adsorption and absorption of gases as:
where nsor,ab is the molar number of absolute sorbed gas [mmol/g]. An excessive sorption can be obtained from the laboratory, hence; conversion of excess to absolute sorption is necessary for estimation of shale GIP. [16] provided a conversion of excess to absolute sorption by supposing the excess amount contains both adsorbed and absorbed gases as:
where kads and kabs is the adsorption and absorption contribution in respect to total sorption, % and ρg ρads and ρabs is the free, adsorbed and absored gas density [kg/m 3 ]. It is worth noting that the density of adsorbed and absorbed gas phase is the key factor and plays a vital role in conversion of excess to absolute sorption. Previous studies assumed various density of adsorbed gas phase (ρads) value in their studies. For example, Ambrose et al. 2010 [5] suggested ρads is around 0.34 g/cm 3 [25] presented three different techniques for measuring the adsorbed gas phase and concluded that DR gas adsorption model (excess) is a more reliable method than assuming liquid density (i.e 0.373 g/cm 3 or 0.423 g/cm 3 ) or measure through linear relationship (gas adsorption versus gas density).
As observed in the above literature studies that DR gas adsorption model (excess) is a more consistent method; hence, this method used measurement of density of adsorbed gas phase in this study. The adsorbed gas phase density of all shale samples ranges from 0.304-0.339 g/cm 3 with an average value of 0.321 g/cm 3 . For simplicity, the density of adsorbed gas phase was assumed 0.321 g/cm 3 while the density of kerogen was assumed 1.23g/cm 3 in this study since ranges from 1.1 to 1.4 g/cm 3 for shale as observed in literature [26] .
Curve fitting parameters of models
The curve fitting parameters of Langmuir and gas sorption models of all shale samples were obtained through curve fitting techniques and described in Tab. 2. Eq. (4) was used for conversion of excess to absolute sorption. 
Shale GIP estimation approaches
Approach-1
This is the old approach that used to estimate the total gas storage and includes volumes of free and adsorbed gas for total gas storage estimation in following form [18, 27] :
where Gt, Gf and Ga are the total, free and adsorbed gas storage respectively [scf/ton]. The volume of free gas can be measured as:
where φ and Sgi is the initial porosity and gas saturation [%], ρb is the bulk rock density [g/cm 3 ] and Bg is the gas formation volume factor. The volume of adsorbed gas can be estimate from Langmuir model as described in Eq. (1).
Approach-2
This is the existing approach that has widely been used to estimate the total gas storage and includes volumes of free and adsorbed gas for total gas storage estimation. Ambrose et al. (2010 Ambrose et al. ( , 2011 [05, 27] proposed a new method to estimate the total gas storage by correcting porosity (φa) before free gas volume estimation as:
where Sw is the initial water saturation. The porosity occupied by adsorbed gas can be expressed as:
where Ga is adsorbed gas volume [scf/ton] and can be measured from Langmuir model, ρs is the adsorbed gas phase density [g/cm 3 ] and M is the molecular weight of natural gas [lb/lb-mol]. Further, adsorbed, absorbed or sorbed porosity can be measured from following Equations:
Based on porosity correction, the Eq. (7) may be re-written as:
New proposed approach
In this approach, sorption model is to be used to estimate the total gas storage. Some modification of Eq. (12) was undertaken based on sorption model for estimation of free gas volume to:
Here, it is worth noting that free, adsorbed and absorbed volumes must be considered for total gas storage estimation as these volumes are present in shale gas reservoirs, therefore, the Eq. (5) was also modified to:
Further, as mentioned earlier that the Langmuir model does not contain the absorbed gas but on other hand, sorption model does contain both absorbed and adsorbed gas, hence; this approach may provide a new sight to accurate estimation of shale GIP.
Mechanism and parameters for shale GIP calculations
The composition of shale matrix, organic matter characteristics i.e. type, richness and maturity, structure of pores, pressure, temperature and water content are the main controlling factors that affect the physics and laws in shale gas storage [28] [29] . The mechanism of shale gas storage changes due to these controlling factors and resulted behavior of free, adsorbed and absorbed gas (total gas storage) is altered. Hence, it is essential to comprehend the mechanism of shale gas storage before calculation of shale GIP otherwise inaccuracy could be observed in the results. The shale GIP can be calculated by using equations as mentioned in the above section 4 after getting the key shale reservoir parameters such as initial porosity, initial water and oil saturation, initial formation volume factor, bulk rock density and gas sorption through reservoir evaluation techniques. Tab. 3 describes the key reservoir parameters for shale sample that was used to measure the total gas storage at different approaches in this study.
Results and discussions
Gas sorption capacity
The Langmuir and gas sorption models were used to measure the gas sorption capacity of all shale samples. Fig.1 shows Langmuir model that includes only adsorbed gas and sorption model that includes both adsorbed and absorbed gas, hence it is observed that good results are obtained from sorption model as compared to Langmuir model and its value is also very close to experiments.
Figure 1. Gas sorption results based on Langmuir and sorption model for shale sample A-1 and
A-2
Shale GIP
The total gas storage capacities of all shale samples were measured using three different approaches as defined in section 4. Approach-1 is the old approach and does not correct volume occupied by adsorbed porosity in free gas volume estimation e.g. Eq. (6). However, approach-2 does correct for porosity volume occupied by adsorbed porosity in free gas volume estimation e.g. Eq. (12) and the free and adsorbed gas volume was considered for total GIP estimation. However, this approach underestimates the amount of absorbed gas in shale GIP estimation. Sorption model includes both adsorbed and absorbed gas, this model has been used in new proposed approach i.e. Eq. (13) and free, adsorbed and absorbed gas volumes were considered for total GIP estimation i.e. eq. (14). The calculated results of Shale GIP of all samples based on above approaches are described in Tab. 4-6. From the above tables, it was observed that when using the approach-1 and approach-2 for shale GIP estimation, the free, adsorbed and total gas storage capacities for shale sample A-1 represents a decrease of 31.26% and 12.44% of the free and total gas storage capacities, respectively. Similarly, shale samples A-2, A-3, A-4 and A-5 represent a decrease of 87.94%, 34.17%, 37.85% and 35.36% of free and 16.72%, 12.84%, 13.32% and 13.00% of total gas storage capacities, respectively. Further, observed that when using approach-1 and new proposed approach, the free gas decreases on one end but the total gas storage increases on other end as compared to approach-2. For example, sample A-1, A-2, A-3, A-4 and A-5 represents a decrease of 32.64%, 89.87%, 34.82%, 39.66% and 36.51% of free and 10.33%, 15.32%, 11.90%, 10.85% and 11.37% of total gas storage capacities, respectively. Furthermore, when using approach-2 and new proposed approach that the free gas decreases while the total gas storage capacity increases might be due to contribution of gas absorption. For example, sample A-1, A-2, A-3, A-4, and A-5 represents a decrease of 2.00%, 15.95%, 0.98%, 2.92%, and 1.77% of free and an increase of 2.40%, 1.69%, 1.08%, 2.85%, and 1.87% of total gas storage capacities, respectively.
The average shale GIP calculated using the approach-1, approach-2 and new proposed approach was 161.574scf/ton, 138.377scf/ton, and 141.055scf/ton, respectively. Here, it is worth noting that the average shale GIP calculated using new proposed approach is observed to be higher than approach-2. Also, 2.485scf/ton difference in total gas storage capacities was found in shale sample A-1 when using new proposed approach as compare to approach-2 at pressure 10.2MPa. Similarly, at same pressure, the 4.284scf/ton, 1.135scf/ton, 3.474scf/ton, and 2.014scf/ton difference in total gas storage capacities was also found in shale samples A-2, A-3, A-4, and A-5, respectively. Hence, these outcomes show that the absorbed gas must be accounted for accurate measurement of shale GIP for shale gas reservoirs.
The behavior of adsorbed, absorbed and total gas storage capacities with respect to pressure were also observed at various approaches for shale samples (Fig. 2 and Fig.3 ). Results show that initially at low pressure the total gas storage was higher due to contribution of absorbed gas when using new proposed approach as compared to approach-2. When pressure increases, total gas storage was altered in keeping with characteristics of adsorption and absorption of gas. Even at same pressure (i.e. 10.2MPa), the behavior of free, adsorbed and total gas storage capacity was observed to change may be due to different characteristics and properties of shale sample.
Figure 2. Gases storage capacities at three different approaches for sample A-1 to A-5
Effect of adsorbed and sorbed gas porosity on shale GIP
The accurate measurement of adsorbed or sorbed porosity is playing an important role in accurate estimation of shale GIP as observed in literature. In this study, adsorbed or sorbed porosity was measured using approach-2 and new proposed approach and results compared. The Eq. (8) has commonly been used to measure the porosity occupied by adsorbed gas in approach-2. However, the Eq. (9) to Eq. (11) can also be used to measure the adsorbed, absorbed and sorbed porosity. Table. 7 describes the effect of adsorbed and sorbed porosity on shale GIP based on above approaches for all shale samples. It is observed from the results that adsorbed and sorbed porosity is creating some influences and changes in free gas volume and gas storage capacities. The contribution of free, adsorbed and absorbed gases was also observed on these approaches and found that the absorbed gas is contributing 19-22% in all shale samples as shown in Tab. 8 and further noted that such contribution is the same in range as mentioned in literature. 
Conclusions
In this study, Sorption model (includes adsorption and absorption of gas) provides better results as compared to Langmuir model. The underestimation of absorbed gas may affect the accurate estimation of shale GIP and understanding of shale gas behavior. The calculated Shale GIP is based on three approaches including previous and new proposed approach and compared their results. In pproach-1 and new proposed approach, the free gas decreases more but on other end the total gas storage increases more as compare to approach-1. And in approach -2 and new proposed approach, the free gas decreases whereas the total gas storage capacity increases due to gas absorption effect. The behavior of adsorbed, absorbed and total gas storage capacities was also observed to differ at different pressures and this may due to adsorption and absorption characteristics of shale samples. It was also observed from this study that free gas volume and gas storage capacities was affected by adsorbed and sorbed porosity and the resulted change in shale GIP.
VL -langmuir volume, [mmol/g]
PL -langmuir pressure, [MPa]
K -Henry's law constant, [mmol (MPa g TOC)]
TOC -total organic carbon, (wt %)
